We report the fabrication of nickel nanospaced electrodes by electroplating and electromigration for nanoelectronic devices. Using a conventional electrochemical cell, nanogaps can be obtained by controlling the plating time alone and after a careful optimization of electrodeposition parameters such as electrolyte bath, applied potential, cleaning, etc. During the process, the gap width decreases exponentially with time until the electrode gaps are completely bridged. Once the bridge is formed, the ex situ electromigration technique can reopen the nanogap. When the gap is ∼1 nm, tunneling current-voltage characterization shows asymmetry which can be corrected by an external magnetic field. This suggests that charge transfer in the nickel electrodes depends on the orientation of magnetic moments.
Introduction
Nano-and molecular electronics devices require the fabrication of symmetrical metal electrodes separated by a nanogap in which a specific molecule or crystal is placed to connect them to the macroscopic world. In the last two decades, vertical structures in which a self-assembled monolayer (SAM) of molecules interfaces the cantilever of a scanning tunneling microscope (STM) [1, 2] or conductive probe atomic force microscope (C-AFM) [3] and a metallic surface have been 7 Author to whom any correspondence should be addressed.
designed. Even though this approach has yielded many important results, it suffers from limitations such as the enormous asymmetry of the electrodes, the requirement for a high vacuum environment, difficulties in mass producing them and difficulty in maintaining a stable chemical bond between the molecule and the microscope tip due to mechanical vibration. To solve these problems, more recently, coplanar devices have been proposed. There are three new approaches for making nanogaps: (i) controlling a break junction mechanically, (ii) electrical breakdown of thin metal wire via electromigration and (iii) electrochemical deposition. These techniques are schematically represented in figure 1. In the first technique ( figure 1(a) ), a lithographically obtained wire with a neck-bend is mechanically broken to form a gap by bending the substrate using a piezoelectric transducer connected to a pushing rod [4] [5] [6] [7] [8] [9] [10] [11] . Using this method, the gap between the electrodes can be flexibly and precisely adjusted to fit different molecules, but it cannot be removed from the apparatus and thus is unsuitable for device applications. In contrast, in the electromigration-induced break junction technique (EIBJ technique- figure 1(b) ), the nanogap is produced by applying large current densities to the wire. At high-current densities, momentum transfer from the electrons to the metal atoms leads to drift of some atoms in the direction of the electron flow [12] [13] [14] [15] [16] [17] [18] [19] [20] . This mass flux can lead to the growth of voids in the wire, finally causing the formation of the gap [14] . In the electrodeposition technique ( figure 1(c) ), common lithographically obtained electrodes are grown to reduce their separation [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The process takes place in an electrochemical cell by applying a bias voltage between the electrodes and a reference electrode. A clever recent experiment has been performed by Majima [31] and his group: based on electroless deposition in which no electrical circuit setup is necessary the nanogap is achieved by a simple immersion of the electrodes in a common medical liquid. This technique has been used to obtain gold nanogaps with a high yield and it is a promising method to apply to other metals as well. To date, the electrochemical plating technique has been demonstrated to be one of the most successful techniques for the fabrication of metal electrodes separated by a nanogap. Table 1 summarizes some of the most noticeable results and conditions for the fabrication of metal nanogaps using the electrochemical technique. When surveying the literature, we found that, with some exceptions, e-beam lithography (EBL) or focused ion beam milling (FIB) techniques are mostly used to obtain the initial electrode separation in the range 40-400 nm. Most authors use lock-in amplifiers to control the deposition and to study the quantum conductance in situ. Little consideration has been given to the tunneling current enhancement caused by the electrochemical potential relative to the reference electrode [32] or by the presence of the ions in the electrolyte [24, 30, 33, 34] . Moreover, ex situ characterization is not usually performed although it is very important to check if the formed gaps survive under atmospheric conditions and to compare the electrical transport following the attachment of molecules or crystals. However, although most of the experiments listed in the table provide general views about the electrodeposition process, they do not provide enough information about the reactions that take place or details on the electrolyte characterization, which are necessary to prevent the formation of passivation or oxidation layers on the surface. It is also seen from the table that gold electrodes are preferred by most authors as gold is a good conductor and prevents oxidation. However, magnetic deposition on magnetic metal electrodes can be more interesting since they allow the study of single charge and spin transfer. For instance, ferromagnetic electrodes forming a point contact could be very helpful for studying the controversial ballistic magnetoresistance (BMR) effect [24, [35] [36] [37] [38] [39] [40] .
In this paper, we give a detailed description of the fabrication of nickel nanogap electrodes using a standard electrochemical cell. We characterize the electrolyte, describe the electrochemical conditions for highly controlled nanogap formation and study the time evolution of the electrode growth [24] up to the point of contact. We show that during the plating process, without using external feedback circuitry, the gap width decreases exponentially with time. We also show that it is possible to fabricate atomic gaps by stopping the electroplating just before the electrodes touch. We demonstrate that the gaps thus formed are robust enough to survive with time so that ex situ I -V characterization can be performed.
In addition, we demonstrate that even if the electrodes are completely bridged during the electroplating technique, the EIBJ technique can be successfully applied to reopen the nanogaps. Finally, we performed I -V measurements in these nickel nanogap electrodes in zero or external magnetic field.
Experimental details

Fabrication of electrodes
For the preparation of the working electrodes, photolithographically defined nickel wires were formed by a conventional evaporation and lift-off process. Small Ni pellets (99.999% purity) were evaporated from a ceramic boat on polished SiO 2 (2 μm)/Si(100) substrates using an Edwards 306 evaporator system with a base pressure of 10 −7 mbar. The samples were cleaned with acetone, isopropyl alcohol and ultrasound following a standard procedure before deposition. The rate of evaporation was maintained at 0.1 nm s −1 and the thickness of nickel (70 nm) was controlled by a quartz crystal microbalance located next to the sample. The samples were then covered with a layer of polymethyl methacrylate (PMMA) and a rectangular window was opened over the electrodes' arrows. The initial gap width between the electrodes was 2.5 μm and was used to study the gap evolution with time of electrodeposition. An additional sample to study the effects of electromigration in bridged electrodes was fabricated following the same procedure and turning to e-beam lithography to reduce the initial gap size to 200 nm. In this case a smaller circular window (∼6 μm diameter) was opened on the PMMA layer over the arrow tips in order to focus the electrodeposition in this part and to avoid leakage current during the process.
Electroplating
We used a standard electrochemical cell for the plating process (figure 2), in which the potential was controlled and measured between the reference electrode (RE: SCE saturated Calomel KCl) and the working electrode (WE, cathode). The sample was placed in the cathode and the current was measured between it and the anode (a platinum mesh counter electrode, CE). No lock-in amplifier connection was necessary for good control of the plating. Instead, a potentiostatic control (Princeton VersaStat TM II) ensured that the real potential E(t) at the WE with respect to the RE remains almost the same during the applied voltage generated by the function generator. The control also helped to minimize any additional drop in the potential caused by the internal resistance of the electrolyte. The plating electrolyte was prepared by dissolving reagent grade chemicals in distilled water. The electrolyte composition consisted of a combination of nickel sulfate (NiSO 4 , Sigma Aldrich 13635) and boric acid (H 3 BO 3 , Sigma Aldrich B9645) in aqueous solution. H 3 BO 3 is commonly used in pure nickel and nickel alloy electroplating because it shows some interesting effects such as excellent buffering to maintain a steady pH in the electrolyte, surface activity, resistance to hydrogen evolution reaction and improved current efficiency [41] [42] [43] [44] [45] [46] . We did not use any other additives to avoid the risk of contamination. After trying with different rate concentrations we found that the best control of nano-characteristics deposition is achieved by combining 50 mM of NiSO 4 and 500 mM of H 3 BO 3 , whereas for microsized characteristics higher concentration of nickel sulfate is required.
Characterization
The electrolyte characterization was carried out in the same electrochemical cell. The cyclic voltammetry (CV) method was performed applying different scan rate potentials. For the CV scans, the nickel surface was chosen in order to study the chemical reactions that occurred on the real sample during electroplating. A thin nickel film (100 nm thickness) was covered by electroplating tape, except for an area of 0.72 cm 2 , and placed in the working electrode. The scans were addressed in the cathodic direction (from +0.5 to −0.15 V versus SCE). The growth mechanism was studied by recording the current-time transients during deposition. All electrochemical experiments were performed at 25
• C, pH 3.67 and using a Potentiostat/Galvanostat (VersaStat TM II-Princeton Applied Research) interfaced with a personal computer (PC) and controlled by the Power Suit program. The charge amounts required for the desired film thicknesses were calculated according to the Faraday law assuming 100% current efficiency.
After electroplating, scanning electron micrographs of the samples were taken with a Phillips XL30 SEM microscope. The electrical characterization of the gaps and electromigration in the contacts was performed by the four probe method at room temperature in air. During this characterization a linearly increasing voltage V was ramped typically at 100 mV s −1 . The current and voltage were monitored by an electrometer (Keithley, model 2400). I -V characteristics were also measured under an external magnetic field of 3.5 kG applied perpendicularly to the samples.
Results and discussion
The cyclic voltammetry (CV) technique was used to estimate the potential for the optimum plating and to study the deposition process. Figure 3(a) shows the cyclic voltammetry curves of the plating bath at different scan rates. As shown in the figure, for most scan rates, when the potential is scanned from +0.5 to −0.6 V, no considerable current flow was observed. The metal deposition is observed to start at around −0.6 V versus SCE. As the cathodic potential increases from −0.6, the current also increases and reaches a peak at around −1.0 V. This peak corresponds to the reduction of Ni 2+ to Ni in the working electrode. The exponential trend of I at higher absolute values of V might be associated with capacitive charge currents caused by oxygen evolution in the aqueous solution as proposed by Mimani et al [47] . At a scan rate of 156 mV s −1 , when the potential is reversed the current follows the same potential dependence up to the irreversibility point of −1.1 V. The irreversibility point increases as the scan rate increases. After the potential reaches back to −0.6 V, negative currents start to flow independently of the scan rate. A new peak continues and its intensity depends on the scan rate potentials. This wide peak corresponds to the oxidation of Ni to Ni 2+ together with a possible hydrogen evolution reaction in the auxiliary electrode [47] . In general, the CV in the figure is quasi-irreversible independently of the scan rate. Different scan rates do not change the shape of the cyclic loop but increase the loop area, the peak current and peak potential separation as shown in the inset in the figure. These characteristics in the CV reveal that the Nerst equation is only approximately satisfied [48] . The obtained diffusion coefficient (D) by applying the Randless-Sevcik equation 8 [49] to these CV loops is 4 × 10 −5 cm 2 s −1 . Based on these results, any applied potential from the region −1.2 to −1.5 V versus SCE can be selected for a good deposition of Ni. It is obvious that from this interval, the lowest applied potential (−1.2 V) provides the slowest deposition which is preferred for a better control of the micro-and nano-characteristics. Figure 3(b) shows the current and charge transfer variations during electrodeposition at −1.2 V applied voltage. The current varies exponentially following the Nerst law [50] and correctly implies that changing the applied potential by several milli-volts modifies drastically the electroplating rate. Typically, an inducing current of 0.2 μA allows an electroplating rate of 1Å s −1 at room temperature [29] . We also observed that a slight increment of the applied potential results in enhanced surface roughness and in a reduction of the density of the deposited metal (data not shown here). From the plot, it is also clear that as time passes, the increase of the surface area allows more charge transfer. The mass transfer obtained by the Faraday law is shown in the inset of the figure. 8 Randless-Sevcik equation:
where the constant C is understood to have units (i.e., 2.69×10 5 C mol −1 v 1/2 ), C is the bulk concentration in mol cm −3 , n is the number of electrons transferred, A is the area of the electrode in cm 2 , D is the diffusion coefficient of the species in cm 2 s −1 and v is the scan rate in V s −1 . Fitting the mass transfer with the time of the electrodeposition, the following relation is obtained:
where m is the deposition mass during the process and t is the time. In this way, it is possible to control the amount of metal deposition on the electrodes by adjusting the time of electrodeposition. Thus any required gap distance between electrodes can be achieved. Figure 4 (a) presents micrographs of the growth evolution of the electrodes during electroplating. As mentioned above, the electrodeposition was focused only on the tips of the electrodes by opening a rectangular window in the PMMA covering layer. The images reveal a typical electroplating process, in which nickel ions migrate from the electrolyte to the electrodes making them grow. The growth evolution was controlled with the applied voltage and stopped at different times to measure the gap. Initially the electrodes have a thickness of 50 nm and are separated by about 2.5 μm. The thickness grows up to 50 times and the gap separation decreases with electroplating time. Eventually, after 290 s the formed gap can hardly be detected by the microscope and we switched to I -V measurements as we discuss below. The electrodeposition parameters described above meant that equation (1) could be successfully applied and we achieved control of the gap width between the electrodes by setting the time of electrodeposition alone. It was not necessary to average measurements from many samples to find a desired gap width. Figure 4(b) shows the gap width variation with time of electrodeposition. Up to 160 s, the gap width decreases exponentially following the trend
where d is the gap width (in microns) and t is the plating time (in s). This variation behavior is expected considering that the mass transfer during deposition is not linear with time as was seen above. We found that at deposition times higher than 190 s a linear relation dominates the last stages before the electrodes come into contact as shown in the figure inset.
Gap widths smaller than 10 nm could not be visualized directly by the microscope even after adjusting the resolution. They were then inferred by applying a voltage difference and measuring the current. Figure 5 shows such measurements for samples electrodeposited during 290, 315 and 350 s. We have observed recordable and reproducible I -V characteristics in the milliampere and microampere range in repeated scans, which confirms the stability of the samples. Three different signal behaviors corresponding to different ranges of electrode separation can be identified in the figure. In the first case, the zero dashed line indicates that no current flows which corresponds to a large electrode separation. The second case, related to samples electrodeposited during 290 and 315 s, shows tunneling behavior revealing nanogap formation. In the third case, after 350 s the measurements show Ohmic behavior revealing that the electrodes are in contact. In the tunneling signals, after 290 and 315 s of electrodeposition, the samples allow currents of 0.12 μA (∼30 nS conductance) and 8.2 mA (∼2 mS conductance) to tunnel at 4.0 V respectively. Note that the conductance quantum G 0 = 2e 2 / h is ∼77.48 μS and it has been reported that the tunneling conductance of the order of nS is the typical response of gaps with about ∼1 nm width [5, 22, 51] and decreases exponentially as the gap width increases [52] . Therefore, in this work the gap width of the sample electrodeposited after 290 s is around 1 nm whereas the electrodes electrodeposited after 350 s should have atomic separation. These results obviously confirm that at larger deposition times the gap between electrodes decreases and the conductance increases, and eventually at 350 s the electrodes make contact. Once the contact is formed, the detected resistance is 157 which implies ∼80G 0 conductance; this means that around eighty conducting channels have been formed. The contact allows current densities up to around 4.5 × 10 −10 A cm −2 and at applied voltages higher than 8.0 V the junction breaks as shown in the stressing curve in the figure inset. Once the junction breaks a nanogap is again formed as we discuss next.
Nanogaps are also achieved by causing induced breaks in the electroplating-formed junction by means of the electromigration EIBJ technique. For that purpose, another sample with smaller electrodes was fabricated following the procedure mentioned above and electrodeposited until a contact is formed ( figure 6-inset top) . As in the previous case, only the electrode tips were electrodeposited by opening a circular window. Due to the smaller and more pointed electrode tips, the metal ions of the electrolyte are better guided by the electric field to the sharpest points during electroplating. Then, since the highest gradients of the field are located in the outer corners of each arrow, out of plane growth of the electrodes takes place. This effect implies that there could be many advantages in using these electrodes in the EIBJ technique: (i) there is no residual interlink of metallic adhesion layer over the SiO 2 preventing the formation of parallel conduction channels on the substrate which can disturb the measurements [53] , (ii) there is a smaller probability for island formation due to Joule heating [54] , and (iii) it avoids the use of molecular adhesion layers beneath the metal [55] . Molecular devices could be obtained by depositing the molecules on the electrodes before breaking and inducing them to migrate into the gap by subsequent heating. In this way undesired contact between molecules and substrate can be avoided. Before using the EIBJ technique at room temperature in air, a value of 158 was measured for the initial resistance of the contact. Applying higher voltages than 1.5 V allows electromigration, the contact breaks at a threshold current (I th ) of 11 mA. A nanogap is then formed due to the physical motion of atoms out of the high-current density areas i.e. the contact [56, 57] . As before, the gap size cannot be visualized directly by SEM but can be sensed by electrical measurements. The I -V measurement taken at this point (blue line in the figure) shows tunneling behavior indicating that a nanogap is formed. Considering the effective frontal area around A ≈ 7.8 × 10 −12 cm 2 , the threshold current density (J th = I th /A) for the nanogap formation by electromigration is 1.4 × 10 −9 A cm −2 . J th values of about 2.9 × 10 −8 A cm −2 have been obtained using gold wires [58] and this infers that J th values of the order of 10 −8 -10 −9 A cm −2 are required for the nanogap formation by EIBJ. Moreover, the EIBJ technique ensures that after breaking the electroplating-obtained contact, a gap has been formed, hence the I -V signal shown in the figure results from tunneling through the gap and not through natural oxide layers. To date, there is no exact mechanism for electron transport through nickel nanoelectrodes in nanodevices. Nevertheless, it might be interpreted as follows: when no external magnetic field is applied the electrodes have randomly oriented magnetic moments and the gap behaves as a tunnel barrier (as represented in the bottom of the inset in the figure) . This disorientation should be responsible for the asymmetric tunneling current when the voltage bias is applied. In contrast, when a magnetic field is applied (e.g. 3.5 kG), the magnetic moments align, the resistance is reduced and this causes the conductance to become symmetrical (red line in the figure). Similar results have been obtained by other authors [59] , and it has also been proposed that under external magnetic fields, 
Conclusions
We have successfully demonstrated a controlled electroplating technique to fabricate nickel microelectrodes separated by nanogaps by using a standard electrochemical technique. The gaps obtained by this technique fall beyond the resolution of e-beam lithography. Careful selection of the electrochemical variables such as the electrolyte concentration, applied potential, cleaning, etc permit the control of nanogap formation by the time of electrodeposition. Regarding the electrolyte, we showed that 50 mM of NiSO 4 combined with 500 mM of H 3 BO 3 allow high performance. During the process, the gap width decreases exponentially with time until the electrodes come into contact. Different nanogap widths can be obtained by stopping the process at desired deposition times. The present method offers various benefits such as extremely small gaps, high yield (∼100%) fabrication and readily available instrumentation. Once the gap is closed, it can be reopened again by the ex situ EIBJ technique. Applying an external magnetic field corrects the I -V asymmetry; this effect should be related with the orientation of the magnetic moments in the nickel electrodes.
